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FAAbstract Purpose: The aim of this study was to assess the clinical utility of DTI including appar-
ent diffusion coefﬁcient (ADC), fractional anisotropy (FA), in patients with symptoms of spinal
cord myelopathy.
Patients and methods: Fifteen subjects with clinical symptoms of acute (n= 3) or slowly progres-
sive (n= 12) spinal cord myelopathy and 11 healthy volunteers were prospectively selected. They
all underwent magnetic resonance imaging of the spine at 3.0 T machine. In addition to conven-
tional MRI, DTI was performed; maps of the apparent diffusion coefﬁcient and of fractional
anisotropy were reconstructed. Diffusion tensor tractography was used to visualize the morpholog-
ical features of normal and impaired white matter at the level of the pathological lesions in the
spinal cord. The patients were divided into two groups according to the signal intensity on T2WI
(group A with no change in signal intensity and group B with high signal intensity).
Results: There were no statistically signiﬁcant differences in the apparent diffusion coefﬁcient and
fractional anisotropy values between the different spinal cord segments of the normal subjects. All
of the patients in group B had increased apparent diffusion coefﬁcient values and decreased frac-
tional anisotropy values at the lesion level compared to the normal controls. However, there were
no statistically signiﬁcant diffusion index differences between group A patients and the normal con-
trols.
Conclusion: Diffusion tensor imaging is a reliable method for the evaluation of the diffusion prop-
erties of normal and compressed spinal cords. Furthermore, this technique can be used as an impor-
tant supplementary tool to conventional MRI for the quantiﬁcation of ﬁber damage in spinal cord
compression, thus has the potential to be of great utility for treatment planning and follow up.
 2014 The Egyptian Society of Radiology and Nuclear Medicine. Production and hosting by Elsevier
B.V. Open access under CC BY-NC-ND license.1. Introduction
Myelopathy describes any neurologic deﬁcit related to the
spinal cord. Myelopathy is usually due to compression of the
1224 A.A.A. El Maati, N. Chalabispinal cord by osteophyte or extruded disk material in the cer-
vical spine. Osteophytic spurring and disk herniation may also
produce myelopathy localized to the thoracic spine, though
less commonly. Other common sources of myelopathy are cord
compression due to extradural mass caused by carcinoma met-
astatic to bone, and blunt or penetrating trauma. Many pri-
mary neoplastic, infectious, inﬂammatory, neurodegenerative,
vascular, nutritional, and idiopathic disorders result in mye-
lopathy (1). Clinically, the diagnosis of myelopathy depends
on the neurologic localization of the ﬁnding to the spinal cord,
rather than the brain or peripheral nervous system and then to
a particular segment of the spinal cord. The antecedent clinical
syndrome and other details of the patient’s course are helpful,
but imaging plays a crucial role. Clinical categories are based
on the presence or absence of signiﬁcant trauma or pain, and
the mode of onset (slowly progressive or insidious onset versus
stepwise progression versus sudden onset) (1).
Due to the high contrast obtained between different soft tis-
sues, ‘‘conventional’’ (i.e. T1- and T2-weighted) magnetic res-
onance imaging (MRI) is the basic method for diagnosing
spinal cord disorders. However, the signal of conventional
MRI can be affected by many factors, including acquisition
parameters (sequence type, TR, TE, ﬂip angle, etc.), ﬁeld
strength, the water content of the spinal cord, and others. It
can therefore neither directly depict the changes in the white
matter ﬁber tracts nor assess the integrity of the spinal cord.
Diffusion tensor imaging (DTI) is a noninvasive MRI tech-
nique that measures the random motion of water molecules
and provides information about the cellular integrity and
pathology of anisotropic tissues (2). Diffusion tensor imaging
(DTI) can provide unique quantitative information on the
microstructural features of white matter in the central nervous
system (CNS) (2). Diffusion properties can be evaluated using
quantitative indices such as the apparent diffusion coefﬁcient
(ADC) and the fractional anisotropy (FA). Furthermore, dif-
fusion tensor tractography (DTT), another application of
DTI, can be used to visualize the ﬁber tract pathways in vivo
and can provide more direct information about the integrity
of the tract (3). Although DTI has been successfully applied
in brain research for decades (4), several main difﬁculties have
hindered its extended utilization in spinal cord imaging, i.e. the
small size of the spinal cord, movement artifacts (usually
caused by cerebral spinal ﬂuid pulsation, respiration and heart
beat), regional magnetic heterogeneity, and a relatively long
examination time (5–7). Several imaging techniques have been
developed to solve these problems, e.g. multi-shot echo-planar
imaging (MS-EPI), line scan imaging, parallel imaging, and the
reversed gradient method (8–11). However, each of these tech-
niques has its own inevitable drawbacks that can severely
degrade the quality of DTI results. The single shot spin-echo
echo-planar imaging (SS-SE-EPI) technique, the most popular
diffusion imaging technique used in brain research, has several
advantages including insensitivity to subject motion, fast
acquisition time, and relatively high image quality (12–16).
In this study, we chose SS-SE-EPI to evaluate the reliability
of DTI in displaying and quantifying the ﬁber tract of the
spinal cord. Several previous studies on 1.5T imaging have
demonstrated that SS-SE-EPI DTI of the spinal cord is feasi-
ble (12–14,16). Quality improvements in spinal DTI might be
further achieved with the use of a stronger magnetic ﬁeld such
as 3.0 T, which can dramatically improve the MRI signal, con-
trast and spatial resolution. However, DTI at higher ﬁeldstrength is more sensitive to susceptibility-induced image dis-
tortion and signal loss.
The aim of this study was to determine the suitability of
spinal DTI for evaluating the degree of damage to the ﬁber
tract in patients with cord myelopathy.2. Patients and methods
This study included a total of 15 patients (eight men and
seven women; mean age, 53.9 years) with clinical symptoms
of spinal cord compression, who had been referred to the
Misr Radiology center between March 2013 and April 2014,
and underwent a combined multimodel imaging protocol
comprising conventional MR imaging and DTI where maps
of the apparent diffusion coefﬁcient and of fractional anisot-
ropy were reconstructed. Inclusion criteria matched clinical
symptoms of acute or slowly progressive spinal cord compres-
sions (focal sensory-motor deﬁcit). Exclusion criteria were
previous spine surgery, spine radiation therapy, and contrain-
dication to MR imaging. Written informed consents were
obtained from all patients before the study. As a control
group, we enrolled 11 fully informed healthy volunteers (eight
men and three women; mean age, 36.7 years) without neuro-
logic disease.3. MR imaging Technique
3.1. Image acquisition
The MRI data were obtained using a 3.0 T full-body system
(Siemens Skyra) with a maximum gradient strength of
80 mT m1 and a slew rate of 200 Tm1 s1. The synergy cer-
vical-thoracic-lumbar coil was equipped to receive the MR
signal.
For all of the subjects, the MRI examination began with a
sagittal T2-weighted fast spin-echo (FSE) sequence (FOV,
15.0 · 11.9 cm; image matrix, 128 · 82; section thickness,
2 mm; TR/TE, 2176/100 ms; echo train length, 15), a sagittal
T1-weighted FSE sequence (FOV, 15.0 · 11.9 cm; image
matrix, 232 · 146; section thickness, 2 mm; TR/TE, 430/6.9;
echo train length, 4), and an axial T2-weighted FSE sequence
(FOV, 15.0 · 15.0 cm; image matrix, 208 · 164; section thick-
ness, 3 mm; TR/TE, 2493/120; echo train length, 29). Next, a
sagittal spin-echo single-shot echoplanar (SE-SS-EPI) DTI
that covered the lesions was acquired. The diffusion gradients
were added in six non-collinear directions with a b-factor of
700 s/mm2. The remaining imaging parameters were as fol-
lows: TR/TE, 5000/64 ms; FOV, 17.0 · 13.6 cm; image matrix,
96 · 61; 2-mm thickness and 0-mm gap. The voxel size was
1.56 · 1.94 · 2.00 mm. An enhanced T1WI sequence was
obtained on the sagittal, axial and coronal planes after admin-
istering Gd-DTPA at a dose of 0.1 mmol/kg of Gadolinium
that was injected automatically at a rate of 2 ml/s.
3.2. Image analysis
The ROIs were manually deﬁned and measured on the FA
maps with a rectangular area of approximately 16 mm2. In
the healthy volunteers, the ADC and FA values were measured
at the disc levels (C2–C6 and T6–T11). Special attention was
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cord, magnetic susceptibility effects, and motion artifacts in
the ROIs. In the SCC subjects, ROIs with sizes nearly identical
to those of the volunteers were placed at the compression sites.
Two radiologists, both experienced in DTI analysis, indepen-
dently drew the ROIs, and the mean values were used for fur-
ther analysis.
3.3. Statistical analysis
The patients were divided into two groups based on the T2WI
signal changes: group A were the patients without hyperinten-
sity on T2WI and group B were the patients with hyperinten-
sity on T2WI. We ﬁrst investigated the FA and ADC
differences among different spinal segments using a one-way
analysis of variance (ANOVA). A post hoc analysis (the
least-squares difference, LSD) was used to test for pairwise dif-
ferences between segments when the ANOVA revealed signif-
icant differences. Furthermore, the diffusion indices (the FA
and ADC values) were compared among the control, group
A and group B using the methods described above. All of
the statistical analyses were performed using SPSS 13.0 for
Windows (SPSS Inc., Chicago, IL, USA). P< 0.05 was con-
sidered to be statistically signiﬁcant.
4. Results
The FA and ADC values were successfully measured in
healthy subjects and patients. In the healthy volunteers, the
mean ADC and FA values for the cervical cord were
0.45 ± 0.05 · 103 mm2/s and 0.75 ± 0.06, respectively. The
mean ADC and FA values for the lower thoracic cord were
0.45 ± 0.05 · 103 mm2/s and 0.74 ± 0.03, respectively. There
were no statistically signiﬁcant differences between the differ-
ent cervical values (P= 0.357 for ADC and 0.464 for FA)
and the lower thoracic spinal cord values (P= 0.816 for
ADC and 0.711 for FA) (Table 1). Furthermore, there were
also no signiﬁcant differences between the cervical and lower
thoracic cord values (P= 0.745 for ADC and 0.196 for FA).
There were no statistically signiﬁcant differences in the
spinal cord ADC or FA values between the control and group
A patients (P= 0.688 for ADC; and P= 0.242 for FA). The
ADC of group B was signiﬁcantly higher than the controls
(P< 0.05), and the FA was signiﬁcantly lower (P, 0.05). There
were also statistically signiﬁcant ADC and FA differences
between the A and B groups (both P< 0.05).
The ADC and FA means for the tumor subjects in group B
were 0.730 ± 0.217 · 103 mm2/s and 0.436 ± 0.247, respec-
tively, which were not signiﬁcantly different from those ofTable 1 Comparison of FA and ADC values according to the
level on healthy volunteers.
Average SD P value
FA
Cervical 0.75 0.06 0.464
Dorsal 0.74 0.03 0.711
ADC
Cervical 0.45 0.05 0.357
Dorsal 0.45 0.05 0.816the non-tumor subjects (0.693 ± 0.106 · 103 mm2/s and
0.434 + 0.136, respectively) (P= 0.539). The ADC and FA
means for the tumor subjects in group B were
0.472 ± 0.107 · 103 mm2/s and 0.704 ± 0.142, respectively,
which were not signiﬁcantly different from those of the non-
tumor subjects (0.463 ± 0.062 · 103 mm2/s and
0.773 + 0.063, respectively) (P= 0.818). However, there were
statistically signiﬁcant differences in the ADC or FA values
between the group A and group B whatever the tumor or
non-tumor subjects (P< 0.05). Eight patients had histologi-
cally proven spinal tumors: one pilocytic astrocytoma where
the lesion is splaying apart the projectional ﬁbers of the cord
and with no pronounced inﬁltration or destruction in keeping
with a low grade neoplastic lesion (Fig. 1), two intermediate
grade astrocytomas with variable degrees of inﬁltration and
ﬁber disruption clearly visible on tractograms (Fig. 2), three
ependymomas with MR tractography show focal partial inﬁl-
tration of the cord ﬁbers specially at the solid enhancing part
of the lesion (Fig. 3), two metastatic tumors with displacement
of the ﬁbres visible on the tractogram. Non-tumoral cases
included two cases of degenerative arthritis with disk hernia-
tion, one spondylodiscitis with epidural abscess, two cases of
multiple sclerosis and two cases of Devic’s disease (neuromye-
litis optica). It is noted that the lesions are not causing any
inﬁltration or invasion of cord ﬁbers in the tractogram
(Fig. 4). Detailed results of the patients’ data with estimates
of ADC and FA on compression level are reported in Table 2.
5. Discussion
Unlike in DT imaging of the brain, single-shot echo planar DT
imaging cannot be easily performed in the spinal cord (11).
Diffusion tensor imaging of the spinal cord is limited by bony
structures surrounding the spinal cord and the low signal-to-
noise ratio. These difﬁculties were overcome by the advent of
3-T technologies and the development of new DT imaging pro-
tocols (11). Diffusion tensor imaging and DT imaging tractog-
raphy have been used successfully in the spinal cord for
assessing the disease burden in patients with MS (17), intra-
medullary tumors (14,18,19), and Wallerian degeneration asso-
ciated with traumatic spinal cord injury and pontine infarction
(20,21), as well as to assess recovery in patients with chronic
spinal cord injury (22) and to evaluate motor functional out-
come in patients with acute transverse myelitis (23). Intramed-
ullary spinal cord tumors are rare lesions and account for 2–
4% of all CNS tumors (24) representing approximately 20%
of spine tumors in adults and up to 35% of spine tumors in
children (25,26). By far, the most frequent intramedullary
tumors in adults are ependymomas, which account for 60%
of all intramedullary tumors, followed by astrocytomas, other
gliomas, hemangioblastomas, and metastases, which are less
frequent (25,27–31).
In this study, we chose single-shot spin-echo echo-planar
imaging (SS-SE-EPI), the most popular diffusion imaging
technique used in brain research, and evaluated the reliability
of SS-SE-EPI DTI in displaying and quantifying the ﬁber tract
of the spinal cord. The SS-SE-EPI sequence can be used to
obtain DTI images with minimal inﬂuence from motion-
induced artifacts such as respiratory, cardiac, and CSF pulsa-
tion (32–36). In accordance with several DTI and DTT in nor-
mal subjects previous studies on 1.5 T imaging, our ﬁndings on
Fig. 1 Pilocytic astrocytoma in an 18 year old male patient with slowly progressive symptoms of spinal cord compression. (A) Sagittal
T2 WI shows a moderate sized intramedullary space-occupying lesion within the upper most part of the cervical cord spanning the C1–C2
levels. This lesion has a mostly cystic septated well-deﬁned component causing expansion of the cervical cord at that region. (B) Sagittal
post contrast T1 WI shows an associated small solid intensely enhancing component along the superior left aspect of this cystic lesion. (C
and D) MR tractography of the cord particularly emphasizing that such lesion is splaying apart the projectional ﬁbers of the cord. The
overall pattern as such conﬁrms that this is a low-grade neoplastic lesion with no inﬁltration of destruction.
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spinal cord can reliably visualize and quantify the diffusion
properties of both the cervical and thoracic regions of the
spinal cord.
The signal contribution by the 3.0 T MRI scanner used in
this study allowed the imaging of much thinner sections
(2 mm) than those reported in previous studies (4–5 mm) (5).As a result, partial-volume effects were dramatically decreased.
Furthermore, we identiﬁed no serious artifacts (distorted or
missing signal, etc.) that might have been caused by the high
ﬁeld strength used. Finally, rather than a b value of 1000 s/
mm2, which is widely used for brain DTI, we selected a b value
of 700 s/mm2 to increase the SNR of the diffusion images
(8,9,36).
Fig. 2 Intermediate grade astrocytoma in a 50-year old female patient. (A and B) Sagittal T2WI and post contrast T1WI showed an
intramedullary cervical cord space occupying lesion that causes focal cord expansion at its location opposite C2 and C3 levels. The lesion
has predominantly cystic component which is non-enhancing and a small solid intensely heterogeneously enhancing component of about
1 cm opposite the C2–C3 disc which shows small area of breaking down at the center. (C and D) the ﬁber tracking of the projectional
ﬁbers of the brain stem and cord shows the implication of the tumorous lesion of the ﬁbers at the C2 and C3 level is seen to cause variable
degrees of inﬁltration and ﬁber disruption.
Diffusion tensor tractography as a supplementary tool to conventional MRI 1227Concerning the DTI and DTT in normal subjects we
observed no differences in the diffusion values between each
imaging pair in the cervical and lower thoracic levels.Although several earlier studies demonstrated varying diffu-
sion characteristics along the spinal cord (9,32), our ﬁndings
are consistent with those of other research groups (14,37,38).
Fig. 3 Ependymoma in a 54 year old female patient. (A and B) Sagittal T2WI and post contrast T1WI revealed intra medullary lesion
which is opposite C4, C5 and C6 levels and shows heterogenous hyperintense signal on T2WIs with hemorrhagic and necrotic components
as well as solid enhancing components mostly marginal enhancement but also nodular enhancement at the lower aspect of the lesion. As
regards the MR tractography (C) the lesion is seen to cause focal partial inﬁltration of such cord ﬁbers particularly opposite which is
pattern of malignant neoplasm.
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Fig. 4 Neuromyelitis optica in a 23 year-old female patient who presented with quadriparesis, more left than right. (A and B) sagittal
T2WI and post contrast T1WI revealed intramedullary lesions, which spans C3 through D1 levels. They demonstrated hyperintense signal
on T2 WI with homogenous post contrast enhancement. (C) Color coded projectional ﬁbers for the cord showed that the lesions are not
causing any inﬁltration or invasion of cord ﬁbers, and this would be in keeping with demyelinating process rather than malignant
neoplastic process.
Diffusion tensor tractography as a supplementary tool to conventional MRI 1229This ﬁnding facilitates group comparisons in diffusion quanti-
ﬁcations between damaged and normal sections of the spinal
cord.
DTT of the neural ﬁbers in the cervical spine has previously
been investigated using a 3 T clinical magnetic resonance scan-
ner (39). Consistent with previous reports, the tractograms of
the complete cervical cord were well visualized in this study
likely owing to the higher spatial resolution afforded by
3.0 T MRI.
In cervical spondylotic myelopathy group, which is the most
common cause of spinal cord compression and results in cord
demyelination, necrosis, and cavitation, our results conﬁrmed
increased ADC values and decreased FA values within the
spinal cords of spinal cord compression patients presenting
abnormally high signal intensities on T2WI. The changes in
the diffusion indices of the lesions may reﬂect microstructural
changes. An experimental study in rats found that decreased
FA may be caused by mechanical disruption, ﬁber tearing
and myelin sheaths, extracellular edema, Wallerian degenera-
tion, demyelination, loss of spatial organization, liquefaction,
and cystic degeneration (40). Demir et al. reported that DWI
increased the sensitivity of MRI in depicting spinal cord
changes in patients with clinical cervical spondylotic myelopa-
thy symptoms (13). However, no marked anisotropy differ-
ences in the spinal cord were identiﬁed in the patients with
light spinal cord compression (without a T2 high signal), which
suggests that the microstructure of the spinal cord was not
damaged in these patients.
Extramedullary intradural tumors can cause metastatic epi-
dural spinal cord compression, which is deﬁned radiographi-
cally as an epidural metastatic lesion causing truedisplacement of the spinal cord from its normal position in
the spinal canal (41), and benign tumor SCC such as Schwan-
nomas and meningiomas. Both damage the cord by direct
compression, which causes demyelination and axonal damage,
and by secondary vascular compromise. The early injury
mechanism is vasogenic edema of the white matter (42). In this
study, the patients in group B with spinal extramedullary intra-
dural tumors had decreased FA values and increased ADC
values at the affected spinal segments, which suggested ﬁber
damage with or without local extracellular edema (43). This
ﬁnding was coincident with a high T2WI signal intensity.
However, the FA and ADC values in group A patients were
within the normal range. The reason for this discrepancy
may have been the adaptability of the spinal cord after chronic
spinal cord compression.
The DTT technique facilitates the diagnosis of spinal cord
abnormalities by allowing the clinician to locate the speciﬁc
compression site. The DTT maps of the spinal cord compres-
sion patients in our study showed distortion and compression
to different degrees but did not show obvious damage in the
affected area of the spinal cord.
Regarding intramedullary lesions edema and ﬁber damage
resulting in high-signal T2WI can be discriminated based on
their diffusion properties (with edema, ADC increases dramat-
ically, whereas FA decreases slightly; with ﬁber damage, FA
decreases dramatically and ADC also increases signiﬁcantly)
(13,40). Our ﬁndings indicate that DTI not only can be used
to quantify the diffusion properties of normal and compressed
spinal cord but can also be used to visualize the ﬁber tract of
the spinal cord in both normal and spinal cord compression
subjects. DTT maps in the tumor group clearly indicated the
Table 2 Patients’ data with results of the ADC and FA values on compression level.
Age/sex Pathology Location T2 SI DTI ﬁndings FA ADC · 103 mm2/s
1 33 F Ependymoma Cervical Focal partial inﬁltration 308.2 2.497
2 33 F Ependymoma Cervical Focal partial inﬁltration 344 2.355
3 60 M Ependymoma Cervical Focal partial inﬁltration 247.7 1.216
4 16 M Pilocytic astrocytoma Upper Cervical Splaying of ﬁbers 194.5 1.628
5 63 M Metastases Dorsal Displacement of ﬁbers 345 1.107
6 50 F Astrocytoma Cervical Inﬁltration and ﬁber disruption 161.3 1.082
7 54 M Astrocytoma Cervicodorsal Inﬁltration and ﬁber disruption 625 1.102
8 56 M Metastases Dorsal Displacement of ﬁbers 161.3 1.082
9 45 M Herniated disc Cervical Slight compression 625 1.102
10 56 M Herniated disc Dorsal Slight compression 161.3 1.082
11 23 F Neuromyelitis optica Cervicodorsal Change in color brightness 161.3 1.082
12 32 F Neuromyelitis optica Cervicodorsal No inﬁltration 481 1.374
13 39 F Multiple sclerosis Cervical No inﬁltration 673 1.506
14 36 F Multiple sclerosis Cervical No inﬁltration 208.7 1.567
15 42 M Spondylodiscitis with epidural abscess Dorsal Slight compression 600 0.851
1230 A.A.A. El Maati, N. Chalabirelationship of the tumors, the degree of compression and the
damage to the spinal cord which provides valuable informa-
tion for surgical treatment.
Regarding patients with myelitis namely MS and neuromye-
litis optica hyperintensities of the spinal cord represent a broad
spectrum of lesions, from reversible to more severe lesions (44).
DTI parameters are more sensitive than T2 signal analysis in
assessing patients with myelitis (45). We observed lower FA
and higher ADC values in patients with myelitis, as previously
reported (36). Decrease in the FA values may reﬂect the degree
of microstructural disorganization of the spinal cord, suggest-
ing either local extracellular edema or a smaller number of
ﬁbers matching a larger extracellular space or both (45). In
addition, radial diffusivity may serve as a marker of overall tis-
sue integrity within chronic MS lesions (46). However, our
results disagreed with a recent study done by Hodel et al. using
a 3 T scanner for the assessment of the cervical spinal cord in
patients with myelitis (44). They observed an increase in FA
associated with a marked decrease in diffusivity values in
patients with active lesions. Increased FA within gadolinium-
enhancing lesions may be related to the resolution of edema
and the inﬂammatory inﬁltrates.
In this study, we divided the patients into a normal signal
group (group A) and a high-signal group (group B) based on
the T2 signal. Signiﬁcant differences in the diffusion indices
(FA/ADC) were identiﬁed between group B and normal sub-
jects, although there were no signiﬁcant differences between
group A and normal subjects. These ﬁndings suggested that
the spinal ﬁber tract was severely damaged in group B but
remained intact in group A, which, at a minimum, provided
comparable evidence regarding the degree of damage to the
spinal cord, as demonstrated by T2WI.
In conclusion, diffusion tensor imaging using the SS-SE-EPI
technique at 3.0 T is a reliable method for the evaluation of the
diffusion properties of normal and compressed spinal cords.
Furthermore, this technique can be used as an important sup-
plementary tool to conventional MRI for the quantiﬁcation of
ﬁber damage in patients with myelopathy.Conﬂict of interest
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